Sapovirus (SV) is a global agent of viral gastroenteritis, mainly infecting children under 5 years of age and being one of the most common agents of viral gastroenteritis among infants in Japan (9) . Sapovirus infections have also been reported in all age groups (18, 23, 24, 33, 41, 52) , and outbreaks of sapovirus gastroenteritis have been described in child day care centers (38) , elderly persons' homes (23) , and hospitals (24, 53) .
Sapovirus belongs to the Caliciviridae family, which includes four genera (norovirus, sapovirus, lagovirus, and vesivirus). The human pathogenic caliciviruses have been so far exclusively limited to the norovirus and sapovirus genera. Both genera also include animal pathogenic strains, although animal pathogenic caliciviruses are mainly represented in the vesivirus and lagovirus genera. Phylogenetic analysis of the Caliciviridae based on the complete capsid gene shows that sapovirus strains cluster separately within the Caliciviridae (19) . This genus seems to be more distantly related to the human norovirus than to the lagovirus (19) . The sapovirus genus is divided in five genogroups (15) . Strains belonging to genogroups 1, 2, 4, and 5 infect humans, with the genogroup 1 strains being predominantly detected over the years (18) . Animal sapovirus strains, i.e., porcine strains, cluster within genogroup 3 (15) .
The porcine enteric calicivirus remains so far the only strain of the sapovirus species that can be propagated in cultured cells (7, 8) .
Sapovirus is a nonenveloped RNA virus with a singlestranded positive-sense genome of approximately 7.4 kb (7,320 to 7,431 nucleotides [nt]) (20) . The viral genome consists of two open reading frames encoding the nonstructural proteins and the capsid protein or virion protein 1 (VP1) encoded in open reading frame 1 (ORF-1) and a protein termed VP2 which is encoded in ORF-2 that is located at the 3Ј end of the genome (Fig. 1) . ORF-1 is predicted to encode a single polyprotein that is cotranslationally processed by the viral protease, resulting in the appearance of nonstructural proteins required for replication of the viral genome. Among those, the RNA-dependent RNA polymerase (3D pol -like, further referred to as 3D pol ) is predicted to play a key role in the replication of the genome, as well as in the synthesis and amplification of a subgenomic RNA. The subgenomic RNA corresponds to the region of the genome that encodes VP1 and VP2 as well as the 3Ј end (Fig. 1) . Downstream from ORF-2, a 55-to 82-nt untranslated region is present (20) , which is followed by a poly(A) tail of variable length.
So far, the structure and function of the viral enzymes involved in replication of the sapovirus genome remain uncharacterized. Recently, Oka et al. have described the processing of sapovirus polyprotein precursor in a cell-free system (46) . In that study, the 3C pro 3D pol protein precursor was recovered after processing of the ORF-1-encoded polyprotein, suggesting that the 3C pro 3D pol protein precursor is one of the active forms of the viral polymerase.
In our study, we have examined the structural and functional features of sapovirus 3D pol polymerase. The three-dimensional structure of the sapovirus 3D pol was solved using X-ray crystallography and displays a "right hand" shape, with the C terminus of the enzyme entering the channel containing the active site. Furthermore, we present the first experimental evidence for the RNA-dependent RNA polymerase (RdRp) and terminal transferase activities associated with sapovirus 3D pol , showing that initiation of RNA synthesis by sapovirus 3D pol on heteropolymeric RNA template occurs de novo. We conclude that sapovirus 3D pol displays structural and functional features similar to the RNA-dependent RNA polymerase of norovirus (3D pol ), a related human pathogenic calicivirus.
MATERIALS AND METHODS
Bioinformatics analysis. Full-genome sequences of a representative set of sapoviruses and other caliciviruses were retrieved from the GenBank database and put into the Viralis database (A. E. Gorbalenya, unpublished data). They were aligned using the MUSCLE (13) and HMMER2.3.2 (12) programs, taking into consideration also the phylogenic structure of the Caliciviridae family and cleavage site annotations in the calicivirus genome files. A manually adjusted alignment of the 3C pro 3D pol area was used for predicting the location of 3D pol domain. Generation of synthetic RNA templates. Sapovirus clone pJG-Sap01 (GenBank accession number AY694184), which was characterized by phylogenetic analysis based on the complete sequence of its capsid gene as belonging to sapovirus GGI (Manchester-like), was used for generation of a DNA fragment of 2,259 bp in length corresponding to the complete subgenomic RNA of sapovirus (nt 5170 to 7429). The DNA fragment was generated by PCR amplification, using a T7 promoter sequence fused at its 3Ј end to a gene-specific sequence as a forward primer and a gene-specific primer complementary to the 3Ј end of the sequence as a reverse primer. For amplification of DNA, primers 86-Sap-T7-for, consisting of the T7 promoter sequence fused at its 3Ј end to a gene-specific sequence (5Ј-CAGAGATGCATAAT ACGACTCACTATAGGGAGAGCCACCATGGAGGGCAATGGCTCCAAC CCAGAGC-3Ј), and 48-Sap-ORF-2-rev (5Ј-AGGGACGGCGACAATCGCTTAA TTGTC-3Ј) were used. Reaction conditions, amplification cycles, and identification of the products were performed as previously described for generation of norovirus synthetic subgenomic RNA (50, 51) .
For in vitro transcription, the Megascript T7 Kit (Ambion) was used according to the manufacturer's instructions. The reaction mix consisted of 1 g purified cDNA, 2 l of 10ϫ T7 reaction buffer, 20 U of RNase inhibitor (RNAsin, 40 U/l; Promega), 7.5 mM (each) ATP, CTP, GTP, and UTP, 10 U T7 polymerase, and RNase-DNase-free water to a final volume of 20 l. The reaction was run for 2 h at 37°C, then 20 U DNase I (Ambion) was added, and the reaction mixture was incubated at 37°C for 30 min. poly(A)-tailing of synthesized RNA was performed with the poly(A)-tailing kit (Ambion) according to manufacturer's instructions. The reaction products were then purified with the MEGAclear kit (Ambion) according to the manufacturer's instructions. The RNA concentration in the sample was determined by measuring the UV absorbance at 280 nm.
Expression and purification of sapovirus 3D pol . The DNA corresponding to the sapovirus 3D pol coding sequence was generated by PCR from sapovirus full-length cDNA clone pJG-Sap01 (GenBank accession number AY694184) as described above. The PCR product was molecularly cloned into the pDEST14 vector (Gateway) according to the manufacturer's instructions and using primers VZ7-Sap-3D-H6C-for (5Ј-GGGGACAAGTTTGTACAAAAAAGCAGGCTT CGAAGGAGATGCCACCATGAAAGATGAATTTCAATGGAAGGGTTT GCCCGTGG-3) and VZ8-Sap-3D-H6C-rev (5Ј-GGGGACCACTTTGTACAA GAAAGCTGGGTCTTATTAGTGATGGTGATGGTGATGCTCCATCTCA AACACTATTTTGTGGGTTCC-3Ј), yielding clone pVZ-Sap-3D-H6C. The 3D pol active site mutant was generated from the pVZ-Sap-3D-H6C clone by site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Stratagene) and primers 91-Sap-pol-for (5Ј-GTCCACACGTACGGTGGTG GTTGCATGTATAGT-3Ј) and 92-Sap-pol-rev (5Ј-ACTATACATGCAACCA CCACCGTACGTGTGGAC-3Ј) according to the manufacturer's instructions, yielding the pVZ-Sap-3D-H6C-D 347G D 348G clone. The 3D pol active site mutant bears substitutions in the GDD motif of both aspartates with glycine (GD 347G D 348G ). Sapovirus 3D pol and 3D pol active site mutants were expressed in Escherichia coli. For this purpose, E. coli Rosetta2 (DE3)pLysS cells (Novagen) were transformed with the pVZ-Sap-3D-H6C and pVZ-Sap-3D-H6C-D 343G D 344G clones. Cells were grown at 37°C in 2YT medium with ampicillin (100 mg/liter) and chloramphenicol (34 mg/liter). Upon reaching an optical density at 600 nm of 0.6, protein expression was induced by adding isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cultures were then incubated at 25°C overnight. Cell pellets obtained from 500-ml cultures were washed once in 4 ml phosphate-buffered saline and 1% Triton X-100 pol active site mutant were expressed. The domain VZ10SV-AY694184-11-3DL-RdRp predicted to encompass the active RNAdependent RNA polymerase of sapovirus (aa position 1207 to 1721 in the ORF-1 polyprotein of clone pJG-Sap01) is shown. The recombinant proteins display a His 6 tag at the C terminus or N terminus. For generation of the synthetic subgenomic RNA, a template DNA encompassing the complete VP1 and VP2 genes was used. Synthetic subgenomic RNA was generated by T7-mediated in vitro transcription followed by poly(A)-tailing yielding a polyadenylated product of about 2,259 nucleotides in length. . The DNA corresponding to sapovirus 3D pol coding sequence was generated by PCR from sapovirus full-length cDNA clone pJG-Sap01 (GenBank accession number AY694184) as described above. The PCR product was molecularly cloned into the pDEST14 vector (Gateway) according to the manufacturer's instructions and using primers VZ5-Sap-3D-H6N-for (5Ј-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAG ATGCCACCATGAAACATCACCACACCATCACGATGAATTTCAATGG AAGGGTTTGCCCGTGG-3Ј) and VZ6-Sap-3D-H6N-rev (5Ј-GGGGACCAC TTTGTACAAGAAAGCTGGGTCTTATTACTCCATCTCAAACACTATTT TGTGGGTTCC-3Ј), yielding clone pVZ-Sap-3D-H6N. A sequence corresponding to the ribosome binding site as well that for a hexahistidine tag were included at the 5Ј end of the gene. A multiparameter expression screening in Escherichia coli was performed using a sparse matrix (1), followed by a dot blot procedure (61) . The best expression condition [Rosetta2 (DE3)pLysS (Novagen) strain using 2YT medium at 37°C for 3 h after induction with 0.5 mM IPTG] was determined for protein production. The cell pellet was harvested by centrifugation and then resuspended in lysis buffer (5 g cell pellet per 30 ml) containing 50 mM Tris, pH 7.8, 300 mM NaCl, and 5 mM imidazole. The lysis solution was sonicated on ice for 2 min with 3-s pulses. The lysate was clarified by centrifugation at 22,000 rpm for 1 h. The supernatant was retained and filtered through a 0.4-m filter, and the N-terminal His 6 tag was utilized in nickel-affinity chromatography (Ni-NTA) with the sapovirus RdRp eluting over a 0 to 300 mM imidazole gradient. The purified protein was further polished on a Sephadex 200 gel filtration column with a buffer containing 50 mM bicine, pH 8.8, 300 mM NaCl before concentration to 7 mg/ml, as measured by using the theoretical extinction coefficient determined at 280 nm. The protein sample was centrifuged at 100,000 ϫ g for 40 min to remove any aggregate arising from the concentration procedure. Subsequent crystallization trials were carried out at the EMBL high-throughput crystallization facility Hamburg (Hamburg, Germany), with the initial trials leading to optimized conditions of 20% polyethylene glycol (PEG) 4k, 0.25 M ammonium sulfate, 0.1 M citrate, pH 5.5, and a protein concentration of 5 mg/ml.
The diffraction data (Table 1) were collected on beam line BW7B at the EMBL Hamburg Outstation at DESY (Hamburg, Germany). The diffraction data were measured to 2.32-Å resolution, and the data were processed and scaled using the MOSFLM and SCALA programs of the CCP4 program package (14, 31) . The phases were obtained by molecular replacement using the program AMORE (42) and the rabbit hemorrhagic disease virus (RHDV) RdRp (PDB identification no. 1KHV) as the model (43) . The crystals were primitive orthorhombic in space group P2 1 2 1 2 1 , with unit cell dimensions of a ϭ 58.43, b ϭ 93.88, and c ϭ 94.77 Å, and contain one molecule in the asymmetric unit. The model was built using consecutive rounds of ARP/wARP (29) , manual building, and refinement with REFMAC5 (39). The coordinates and structure factors have been deposited with the PDB with code 2CKW. A summary of the model quality is given in Table 1 .
Micrococcal nuclease treatment of purified sapovirus 3D pol . Purified sapovirus 3D pol was treated with micrococcal nuclease, as described previously for norovirus 3D
pol (50) , to remove RNA or DNA fragments that might act as primers in the 3D pol assay. The activity of the polymerase was subsequently assessed in the RNA-dependent RNA polymerase assay.
RNA-dependent RNA polymerase assay. The RNA-dependent RNA polymerase activity of sapovirus 3D pol was assessed in vitro. The reaction mixture consisted of 1 g synthetic RNA template (2,259 nt in length, yielding a final concentration of 0.024 M), 50 mM HEPES (pH 7.0), 3 mM magnesium acetate, 4 mM DTT, and 6 M ZnCl 2 , 50 U of RNase inhibitor (RNAsin; Promega), 0.4 mM (each) ATP, CTP, and GTP, 0.1 mM UTP as well as 0.07 M [␣-
32 P]UTP (3,000 Ci/mmol; Hartmann Analytic) when [␣-32 P]UMP incorporation was assessed, and RNase-DNase free water to a final volume of 50 l. In each reaction, 3 M purified SV 3D pol was added, and the reaction was carried out at 37°C for 2 h. It was stopped by adding 50 l of stop solution (4 M ammonium acetate, 100 mM EDTA) and purified with the MEGAclear kit (Ambion) according to the manufacturer's instructions.
Reaction products were separated on agarose gels under nondenaturing or denaturing conditions, as described previously (50) . They were visualized using either UV transillumination or autoradiography (50) , and incorporation of [␣-32 P]UMP was determined by precipitation of the SV 3D pol products as described previously (50) .
For primer-dependent initiation of RNA synthesis by norovirus 3D pol on homopolymeric RNA templates, 1 g homopolymeric poly(U) RNA, poly(G) RNA, poly(C) RNA or poly(A) RNA was used as template, together with 3 M oligo(A) 20 , oligo(C) 20 , oligo(G) 20 , or oligo(U) 20 RNA primer under the conditions described above. Similarly, primer-dependent initiation of RNA synthesis by sapovirus 3D pol on polyadenylated subgenomic RNA (0.024 M) was investigated in the presence of 3 M oligo(U) 20 RNA primer. In parallel, initiation of RNA synthesis by sapovirus 3D pol was investigated under the same conditions as described except that anti-subgenomic RNA (0.024 M) was used in the absence (primer-independent) of an RNA primer.
Nuclease treatment of sapovirus 3D pol reaction product. The 3D pol reaction products of 1 g RNA template (final concentration of 0.024 M) were incubated with S1 nuclease (Promega) and 1 l 10ϫ S1 nuclease buffer (500 mM sodium acetate [pH 4.5], 45 mM ZnSO 4 ) with low (50 mM) or high (250 mM) NaCl concentrations and RNase-DNase free water to a final volume of 10 l. The reaction mixture was incubated at 37°C for 60 min and then stopped by the addition of 1 l of 1 M EDTA. The reaction mixture was resuspended in denaturing loading buffer, heated at 65°C (or boiled when appropriate) for 5 min, then flash chilled on ice, loaded onto agarose gels, and autoradiographed and/or visualized under UV-light after ethidium bromide staining.
Assessing the terminal transferase activity of sapovirus 3D pol . a Value in parentheses refers to the high-resolution shell.
where I i (h) is the ith intensity measurement and ϽI(h)Ͼ is the mean of all measurements of I(h).
c R work and pro /3D pol junction area of sapoviruses. Using this approach, the N terminus of 3D pol was predicted to start with Asp1207 (Fig. 1) .
RESULTS

Domain design.
Heterologous expression and purification of recombinant sapovirus 3D pol . A fusion protein bearing a His 6 tag at its C terminus or at its N terminus was overexpressed in E. coli and purified by Ni-NTA affinity chromatography. A soluble sapovirus protein of about 57 kDa was obtained (Fig. 2) pol and its close structural homologues, the RDHV 3D pol (PDB identification no. 1KHV) and the norovirus 3D pol (PDB identification no. 2B43). The sapovirus 3D pol contains two major differences on the surface at the opening of the binding site core. The first is the extended loop region (residues 130 to 138) on the upper left of the diagram in red. The second is the C-terminal tail which folds back into the core, producing a second negative patch at the entrance to the core of the palm domain (lower right, in red). In comparison, the RHDV 3D pol has very little negative charge surrounding the entrance to the core palm domain. In contrast, the C-terminal tail of norovirus 3D pol displays a conformation similar to that of sapovirus 3D amino acids (aa 497 to 515), and 8 amino acids between pro 375 and lys 385 are missing from the structure. These residues cannot be modeled because of poor experimental electron density. The domain structure of sapovirus 3D pol resembles the right hand configuration that was used to first describe the canonical structure of DNA polymerase (47) and has since been seen in the published structures of many DNA and RNA polymerases (6, 10, 21, 30, 43, 44, 58) . The fingers and palm of the right hand form comparatively rigid domains, with the more flexible thumb domain positioned in the enclosed conformation, making contacts with the finger domain (6, 43) . The fingers, thumb, and palm domains combine to form a semicylinder-like shape with a diameter of 58.4 Å around a central channel with a diameter of 25 Å, giving the overall structure 2,051 surface atoms and an accessible surface area of 21,752 Å 2 . The sapovirus 3D
pol adopts an enclosed conformation where the extended N-terminal region, common in all RdRp structures, bridges across the thumb and finger domains to form the righthand-shaped semicylinder that encloses the active site, as first seen for the hepatitis C virus RdRp (30) (Fig. 3A) . The Nterminal domain (residues 1 to 57) comprises two small antiparallel ␤-strands (␤1 and ␤2), which form a twisted antiparallel ␤-sheet with ␤ strands from the finger domain. The rest of the N-terminal domain consists of an extended interwoven loop which bridges between the fingers and the thumb domains, forming the closed right hand. The N-terminal region (residues 12 to 54) has been identified as a region which can undergo significant conformational variation, depending on whether the RdRp has the open (inactive) or closed (active) conformation, as seen previously in other viral RNA-dependent RNA polymerases (6, 10, 21, 43) .
The sapovirus 3D pol finger domain contains a five-stranded ␤-sheet and the eight ␣-helices (Fig. 3B) , as also observed for both the norovirus and RHDV 3D pol . The finger domain is inserted between the N-terminal extension and the highly conserved palm domain. The interface between the N-terminal extension consists of the ␤-sheet region, containing four strands from the finger domain and one from the N-terminal extension, a long loop region (residues 173 to 188), and ␣-helix 1. The finger domain contains the RdRp helix-loop-helix region (residues 252 to 280), which is situated on the outer face of the domain. The remainder of the finger domain is made up of five ␣-helices (␣2 to 6). The sapovirus 3D pol structure displays the same short loop segment between the third and fourth ␣-helices reported to be essential for the use of an RNA-primer duplex as a polymerization template (22) .
The ␣-helices 2, 6, and 8 form the finger-palm interface with ␣-helix 10 in the palm domain. The most striking difference between the finger domains in the sapovirus 3D pol and the RHDV 3D
pol is an extended loop region 130 to 138 which is positioned on the opposite side of the central cavity adjacent to the C-terminal residues. This extended loop region contains three additional residues compared with the norovirus and RHDV 3D pol models and is positioned further toward the opening of the central cavity, forming a negative patch on one side of the opening to the active site (Fig. 4A) .
The palm domain has the highest structural conservation, with an ␣/␤ fold containing a three-stranded anti-parallel ␤-sheet, consisting of a single ␤ strand and a ␤ hairpin locked between ␣-helix 10 and ␣-helix 11 on the internal side of the polymerase and ␣-helix 7 on the outer side. The palm domain contains the catalytically important GDD sequence, which is present in all known RdRps of positive-stranded RNA viruses. The GDD motif (Gly346, Asp347, and Asp348) is thought to be involved in metal ion interactions linked to nucleotidyl transfers during RNA elongation (44) . However, no metals are observed in this model. Soaking crystals with either Mn 2ϩ or Mg 2ϩ did not result in observable density for the metals in difference maps. The structure of a sapovirus 3D pol active site mutant (GD 347G D 348G ) at 3-Å resolution (data to be published) shows the C␣ trace to be approximately the same as the native structure, indicating that the loss of activity is the result of the loss of the enzymatically active aspartate side chains and is not the result of a conformational change. The interface between the palm region and the thumb is supplied via an extended loop (residues 388 to 403) and a loosely arranged ␤-hairpin structure (residues 404 to 409) on which the thumb domain is believed to hinge.
The thumb domain contains four ␣-helices interconnected by two extended loops, one linking ␣-helix 12 with 13 and the other linking ␣-helix 14 with 15. The thumb domain interacts with the N-terminal extension via ␣-helix 12 and the loop containing residues 418 to 435 which link helix 12 and 13. The part of the loop containing residues 418 to 425 forms a small two-stranded ␤-sheet with residues 24 to 28 from the N-terminal extension. This interaction involves seven hydrogen bonds between the two domains (Fig. 4B) , resulting in the formation of a complex interdigitation of the side chains, which locks the right hand into the enclosed conformation (Fig. 4B) . The side chains of Arg25, Tyr26, and Arg28 interdigitate with the side chains of Arg424, Lys421, and Trp419. Glu39 forms an additional hydrogen bond with Arg29, the side chains of which are located between the Tyr418 and Trp419 side chains (Fig. 4B) . These interactions form an interlocked bridge between the thumb and N-terminal extension that resembles the fingers of joined hands. The C terminus of sapovirus 3D pol points toward the channel containing the active site and is situated opposite to the extended loop region (residues 130 to 138), forming two negatively charged patches on either side of the mouth of the active site channel. These negatively charged patches may help regulate the RNA binding to the positively charged central core (Fig. 4C) .
Biochemical characterization of sapovirus 3D pol activity. RNA synthesis by SV 3D pol was characterized by measuring the relationship between incorporation of [␣-32 P]UMP and enzyme concentration in the reaction mixture. As shown in Fig.  5A , the amount of UMP incorporated increased with the concentration of sapovirus 3D pol up to 1.5 M, where the reaction reached its saturation phase. Sapovirus 3D pol activity displayed a clear correlation to the template's concentration over a broad linear range (0.000 to 0.100 M; r 2 ϭ 0.9831; 95% confidence intervals, 0.9726 to 0.9974; P Ͻ 0.0001) (Fig. 5B) . The temperature dependence of 3D pol activity was also determined. Sapovirus 3D pol was found to display a higher activity at 37°C compared to 30°C (Fig. 5C) . To address the metal ion dependence of sapovirus 3D pol , the enzyme's activity was measured in the presence of increasing concentrations of Mg 2ϩ or Mn 2ϩ , using subgenomic RNA as a template. Over a concentration range from 0.5 to 5 mM, sapovirus 3D pol displayed a clear preference for Mn 2ϩ over Mg 2ϩ (Fig. 5D ). However, sapovirus 3D pol was also active in the presence of Mg 2ϩ , indicating that sapovirus 3D pol displays flexibility with respect to the use of Mg 2ϩ or Mn 2ϩ as a cofactor. Sapovirus 3D pol synthesizes RNA from a subgenomic polyadenylated RNA template only in the presence of an oligo(U) 20 primer. To characterize the mode of RNA synthesis by sapovirus 3D pol , an enzymatic assay was developed using a synthetic subgenomic polyadenylated RNA as template. This subgenomic RNA is predicted to be a naturally occurring transcript during the replication of the sapovirus genome. Importantly, possible DNA or RNA contaminants in the recombinant protein preparation, which could prime RNA synthesis, were eliminated by treatment with micrococcal nuclease. Sapovirus 3D pol was able to synthesize the full-length complement of the subgenomic RNA template (2,259 nt) in a primer-dependent manner. On nondenaturing agarose gels, the product of the 3D pol reaction migrated more slowly than the template (Fig. 6A) , being about twice the size of the template. In contrast, the replication product was not generated by mutated 3D pol or when the oligo(U) 20 RNA primer was omitted from the reaction (Fig. 6A) , indicating the strict primer dependency of sapovirus 3D pol for initiation of RNA synthesis on polyadenylated subgenomic RNA template. Upon denaturation, the reaction product migrated similarly to the template, indicating that the product resulting from sapovirus 3D pol RNA synthesis was not covalently linked to template RNA (Fig. 6B) . 20 RNA-primer and in the presence of wild-type sapovirus 3D pol (3D pol ) or an active site 3D pol mutant (m3D pol , YGD 343G D 344G ), as indicated. Reaction products were analyzed on a nondenaturing agarose gel and visualized by UV transillumination after ethidium bromide staining. In the reaction using m3D pol instead of wild-type 3D pol , or omitting the addition of oligo-(U) 20 RNA-primer, the residual band observed corresponds to the synthetic subgenomic RNA template used in the reaction. T7, synthetic subgenomic RNA generated by T7-mediated in vitro transcription; M, RNA molecular mass marker. (B) Strand separation analysis of the reaction product of in vitro RNA synthesis by sapovirus 3D pol . The reaction product was generated from RNA synthesis by sapovirus 3D pol (3D pol ) from a synthetic subgenomic polyadenylated RNA [sGpoly(A)-RNA] used as a template, as indicated. Reaction products were visualized on denaturing formaldehyde-agarose gels. T7, synthetic subgenomic polyadenylated RNA generated by T7-mediated in vitro transcription; M, RNA molecular mass marker.
VOL. 81, 2007 STRUCTURE AND FUNCTION OF SAPOVIRUS 3D
pol Sapovirus 3D pol initiates RNA synthesis de novo on antisubgenomic heteropolymeric RNA templates. To assess the ability of sapovirus 3D pol to initiate RNA synthesis on antisubgenomic RNA, sapovirus anti-subgenomic RNA was synthesized by in vitro transcription. Sapovirus 3D pol was able to replicate anti-subgenomic RNA in the absence of an RNA primer (Fig. 7A) . Strand separation analysis of the sapovirus 3D pol replication product allowed complete resolution of the double-stranded RNA on denaturing gels, indicating that the replication product did not consist of two RNA strands covalently linked, as would had been expected in the case of a back-priming initiation of sapovirus 3D pol RNA synthesis (Fig. 7B) . To further characterize the nature of the product of sapovirus 3D pol synthesis, treatment with nuclease S1 was performed. In contrast to the exogenous single-stranded RNA template, the sapovirus 3D pol product was not susceptible to S1 nuclease treatment, indicating that it is double-stranded RNA (Fig. 7C) . However, decreasing NaCl concentrations (50 mM) in the S1 nuclease reaction allowed partial digestion of the synthesized RNA, as expected in the case of low-ionic-strength buffer (Fig. 7C) . Denaturation of SV 3D pol products by heating at 95°C followed by incubation with S1 nuclease allowed their complete digestion, indicating that sapovirus 3D pol synthesis product consists of the cRNA strands (Fig. 7D) (Fig. 8) . In contrast, addition of a complementary oligonucleotide RNA-primer to the reaction led to incorporation of [␣-
32 P]GMP and [␣-32 P]UMP on homopolymeric poly(C)-RNA and poly(A) RNA templates, respectively. Interestingly, addition of cold GTP to the reaction mixture (50 M) allowed incorporation of [␣-
32 P]GMP even in the absence of an oligonucleotide RNA-primer. This was only observed on poly(C) templates, indicating that synthesis of RNA from poly(C) homopolymeric templates can take place in a primer-independent manner. For poly(G), poly(U), and poly(A) RNA templates, no incorporation of [␣-
32 P]CMP, [␣-32 P]AMP, or [␣-32 P]UMP was seen in the absence of a primer, even after addition of high concentrations of cold CTP, ATP, or UTP, respectively.
Our results indicate that sapovirus 3D pol initiates RNA synthesis on poly(C) or poly(A) homopolymeric RNA templates in a primer-dependent manner. In addition, de novo initiation is possible on poly(C)-RNA templates in the presence of high concentrations of GTP.
Sapovirus 3D pol exhibits a terminal transferase activity in vitro. Terminal transferase activity of RNA polymerase has already been reported for RNA viruses, e.g., hepatitis C virus (49) and poliovirus (2), adding nucleotides to the 3Ј ends of newly synthesized RNAs. This activity could potentially be used by RNA viruses as a mechanism to restore the 3Ј initiation site of RNA synthesis (49) and is one of the prerequisites for initiation of RNA synthesis by back priming. To characterize the terminal transferase activity of sapovirus 3D pol , the enzyme was incubated with subgenomic RNA template in a reaction mixture containing the ␣- , YGD 343G D 344G ), as indicated. Reaction products were analyzed on nondenaturing agarose gel and visualized by UV transillumination after ethidium bromide staining. In the reaction using m3D pol instead of wild-type 3D pol , the residual band observed corresponds to the synthetic anti-subgenomic RNA template used in the reaction. T7, synthetic anti-subgenomic RNA generated by T7-mediated in vitro transcription; M, RNA molecular mass marker; ϩ, present; Ϫ, absent. (B) Strand separation analysis of the reaction product of in vitro RNA synthesis by sapovirus 3D pol . The reaction product was generated from RNA synthesis by sapovirus 3D
pol from a synthetic anti-subgenomic RNA (Anti-sG RNA) used as a template, as indicated. Reaction products were visualized on denaturing formaldehyde-agarose gels. T7, synthetic anti-subgenomic RNA generated by T7-mediated in vitro transcription; M, RNA molecular mass marker. (C) The sapovirus 3D pol synthesis product (3D pol -RNA) was generated from synthetic anti-subgenomic RNA (T7) used as a template. The RNA synthesis product was then incubated in the presence (ϩ) or absence (Ϫ) of S1 nuclease (S1), in the presence of low-salt (50 mM NaCl) or high-salt (250 mM NaCl) concentrations, or after heating (95°C, 5 min) and rapid chilling on ice for 5 min, as indicated. Reactions products were analyzed on nondenaturing agarose gels and visualized by autoradiography. 3D pol -RNA, sapovirus 3D pol synthesis product using anti-subgenomic RNA as a template. T7, synthetic anti-subgenomic RNA generated by T7-mediated in vitro transcription.
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ferase activity that was higher in the presence of CTP than in that of GTP, ATP, or UTP (Fig. 9) .
DISCUSSION
Sapovirus is a member of the Caliciviridae, a virus family regrouping animal (mainly vesivirus and lagovirus but also norovirus and sapovirus) and human pathogenic (exclusively norovirus [NV] and SV) strains. Classification of caliciviruses has been so far based on the sequence of the complete capsid gene, mainly because of the lack of a cell system to isolate and type norovirus, sapovirus, and lagovirus strains, with the exception of vesivirus, i.e., the feline calicivirus (FCV). This limitation in the cultivation of calicivirus has hampered studies on the replication strategies of these important human and animal pathogens. An alternative approach to cell-based studies has relied on structural and functional characterization in vitro of the viral enzymes putatively implicated in replication, such as the viral polymerase (4, 17, 21, 43, 44, 50, 51, 59, 60, 62) , the viral protease (5, 40, 45, (54) (55) (56) 65) , or the viral NTPase (36, 48) . Furthermore, reverse genetic systems for Norwalk virus (norovirus) (3, 28) and porcine enteric calcivirus (sapovirus) have been developed (7, 8) . Those systems may allow us, in the near future, to address the replication strategy of norovirus and sapovirus in cell-based systems.
Recently, Oka et al. brought new insights in the translation strategy of sapovirus (46) , showing in a cell-free system that the processing of the polyprotein precursor of sapovirus occurs cotranslationally, subsequently leading to generation of at least 7 viral proteins. Among those, proteins carrying the putative NTPase, the putative VPg (virion protein genome-linked), the putative protease-polymerase precursor (3C pro 3D pol ), and the VP1 were identified. This processing is similar to the one observed in human (NV) and animal (FCV and RHDV) caliciviruses, with one exception relative to the processing of the protease-polymerase (3C pro 3D pol ) precursor. Indeed, in NV, FCV, and RHDV, the polymerase 3D pol rather than the fusion protein 3C pro 3D pol is released from polyprotein, and it has been identified as a stable product in translation systems in vitro (5, 37, 57, 64) . Similar observations were made in prokaryotic expression systems for NV, FCV, and RHDV (32, (55) (56) (57) (62) (63) (64) . However, expression of FCV ORF-1 in mammalian cells yielded only a stable protease-polymerase precursor, indicating that the cleavage of the protease-polymerase precursor possibly depends on the expression system, as suggested by others (46) .
In this study, the structure and functional properties of sapovirus 3D pol have been determined for the first time. According to our data, sapovirus 3D pol displays the typical right hand shape of viral RNA polymerases, with its C terminus located near the active site cleft. Our results also show that, in contrast to its active site mutant, sapovirus 3D pol is able to synthesize RNA in vitro. Its activity is concentration, temperature, and metal ion dependent. Initiation of RNA synthesis is primer dependent on polyadenylated templates or occurs de novo on heteropolymeric templates, whereas labeling of the template's 3Ј terminus depends on the terminal transferase activity of the enzyme.
To investigate the polymerase activity of sapovirus in vitro, a 3D pol domain encompassing the predicted sapovirus RNA polymerase motifs A to E was delineated in the polyprotein precursor. This domain displayed homologies to the other RNA-dependent RNA polymerases of calicivirus, i.e., the norovirus, vesivirus, and lagovirus. Amplification of the encoding DNA and subsequent cloning in a prokaryotic expression vector yielded the soluble recombinant protein that was purified by Ni-NTA affinity chromatography. As a negative control, an active site mutant of sapovirus 3D pol was generated. In the next step, the structure of sapovirus RdRp was determined at 2.3-Å resolution. For this purpose, an N-terminal His-tagged recombinant sapovirus 3D pol was expressed and purified. The choice to place the His tag at the N terminus of the protein is explained by the fact that, in norovirus, the C terminus of the protein is located within the active site cleft (21, 44) . To exclude a possible interaction of a C-terminal His tag with the active site cleft that may influence folding of the protein's C terminus, the His tag was placed at the N terminus of the recombinant sapovirus 3D pol . Sapovirus displayed a right hand structure typical for RNA/DNA polymerases (6, 10, 16, 21, 43, 44) . The sapovirus 3D pol structure has the greatest similarity with the previously submitted RNA-dependent RNA polymerase structure from the RHDV (43) and contains important structural (21, 44) and functional (17, 50, 51) similarities with the norovirus RNA-dependent RNA polymerase. The overall structure of the finger, palm, and thumb domains are most similar to the RHDV 3D pol and NV 3D pol with 35% and 34% sequence identity, respectively. A superimposition of the sapovirus 3D pol structure with the RdRps from RHDV and norovirus produced a root mean square (RMS) deviation over 418 C␣s of 5.44 Å for RHDV RdRp and over 423 C␣s of 13.77 Å for norovirus RdRp. The fingers and palm of the right hand form comparatively rigid domains in relation to each other, with the thumb domain presumed to flex on the hinge region (residues 388 to 403) between the palm and thumb domains, as seen in RHDV and norovirus 3D pol (21, 43) . The sapovirus 3D pol structure exhibits an enclosed conformation, with the thumb making contacts with the N-terminal extension between the finger and thumb domains. The tip of the thumb domain forms an extended loop (residues 419 to 336) that displays (21, 42) or closed (active) conformation. This variability in the conformation of the loop region of the thumb domain has been previously seen in structures of other viral RNA-dependent RNA polymerases, such as hepatitis C virus NS5B (6, 21, 44) . This would suggest that the sapovirus 3D pol thumb domain could display similar conformational variation. The structural similarities that exist in the shortened loop section of sapovirus, norovirus, and RHDV 3D pol (21, 43, 44) suggest that calicivirus RdRps have similar mechanisms for activation of RNA elongation, allowing both single-stranded and double-stranded RNA activation templates. The interdigitation within the sapovirus 3D pol structure provides a locking mechanism due to hydrogen bonding interactions and buried hydrophobic surfaces, holding the 3D pol in the enclosed conformation. An examination of the closed conformations of norovirus and RHDV polymerase structures shows similar mechanisms of interdigitation holding the thumb and finger domains in the closed conformation (43, 44) , with a conserved C-terminal binding domain and conserved counterparts on the N-terminal extensions. The N and C-terminal sequences of the interdigitated regions are also conserved in the porcine enteric calicivirus (sapovirus) and feline calicivirus (vesivirus), both animal pathogens. In poliovirus (1TQL), human rhinovirus (1XR5), and foot-and-mouth disease virus 3D pol structures (1UO9), all of which exhibit the enclosed form of RNA-dependent RNA polymerases structures, there is little sequence conservation of these residues making specific contacts between thumb and finger in sapovirus 3D pol (16, 34, 58) , and a visual examination of these structures revealed a number of contacts between the thumb and N-terminal extension domains. However, there was no indication of interlocking of the residue side chains. The C-terminal end of the sapovirus RdRp points back toward the active site channel (21, 44) , an observation of some relevance because there has been some discussion as to whether this feature is important in the regulation of initiation of RNA synthesis (44) .
In a further step, initiation of RNA synthesis by sapovirus 3D pol was examined in vitro. For this purpose, a C-terminally His-tagged recombinant sapovirus 3D pol was expressed and purified. The choice to place the His tag at the C terminus of the protein is explained by the fact that, in norovirus, an Nterminally His-tagged norovirus 3D pol seems to inhibit the activity of the enzyme (4). Furthermore, to be able to compare the mechanisms of initiation of RNA synthesis in both norovirus and sapovirus 3D pol , the His tag was designed to be located at the C terminus of the sapovirus 3D pol , similar to previously characterized norovirus 3D pol (50, 51) . On synthetic polyadenylated RNA templates, sapovirus 3D pol was able to initiate RNA synthesis in a strict primerdependent manner. Sapovirus 3D pol activity was found to depend on the presence of Mg 2ϩ or Mn 2ϩ , with a clear preference for Mn 2ϩ . This flexibility for metal ion usage has already been described for the 3D pol of norovirus (4, 17, 50, 51) but also for various viral RNA-dependent RNA polymerases (11, 59) , i.e., poliovirus and brome mosaic virus, where the RNA polymerase displays a preference for Mn 2ϩ as well (25) . Our data also indicate that sapovirus 3D pol synthesizes RNA from heteropolymeric subgenomic RNA by a de novo initiation mechanism rather than by back priming. This observation is supported by strand separation of the synthesis product of sapovirus 3D pol , yielding two single RNA strands, as well as by its resistance to digestion by S1 nuclease, suggesting that it does not consist of a hairpin dimer. Furthermore, primerindependent initiation was possible on poly(C)-RNA templates in the presence of high concentrations of GTP, indicating a de novo initiation of RNA synthesis on those templates, as observed in norovirus (50) and hepatitis C virus (35) . De novo initiation on single-stranded templates is common in RNA viruses and has been also reported in norovirus (50, 51) but also in various RNA-dependent RNA polymerases (26) , like brome mosaic virus replicase (27) , bovine viral diarrhea virus NS5B (25) , and hepatitis C NS5B (35) . In norovirus, the 3D pol initiates RNA synthesis in a primer-dependent manner on polyadenylated templates, whereas initiation of RNA synthesis on heteropolymeric templates occurs de novo (50, 51) .
In conclusion and according to our data, sapovirus 3D pol displays functional and structural features similar to norovirus 3D pol . Both sapovirus 3D pol and norovirus (44) display the characteristic right hand shape, with the C terminus being located within the active site channel. In contrast and according to Ng et al., the C terminus of the lagovirus (RHDV) is not located within the active site cleft (43) , and initiation of RNA synthesis by RHDV polymerase was reported to occur by back priming (60) . Both sapovirus and norovirus 3D pol are able to initiate RNA synthesis de novo on heteropolymeric templates, whereas initiation of RNA synthesis on homopolymeric templates but also on polyadenylated subgenomic RNA is primer dependent (50) . Both sapovirus and norovirus 3D pol display a terminal transferase activity with a preference for CTP (50) , and both are able to initiate RNA synthesis on homopolymeric poly(C) templates in the presence of high concentrations of GTP (51) . These findings identify important structural and functional properties that separate calicivirus RNA-dependent RNA polymerases of human, i.e., norovirus and sapovirus, from nonhuman, i.e., lagovirus, origin. This clustering between the two representatives of human pathogenic calciviruses raises the question of the relevance of this homology in terms of pathogenicity and/or virulence. In this context, further structural and functional characterization of the other viral enzymes involved in replication of the calicivirus genome, such as the 3C protease and the 2C NTPase , may be of prime interest.
